the objective of the present study was to determine the seasonal changes in boar semen quality by the assessment of sperm membrane integrity, analysis of chromatin structure, assessment of oxidative stress and of apoptotic changes in spermatozoa. semen from 16 boars (172 ejaculates) was investigated. the males were aged between 7 months and 7 years. semen was extended with bts diluent and stored at +17°c. during seven days of storage, the semen was subjected to standard evaluation and novel methods for semen assessment. in the autumn-winter period, the semen had higher evaluations than in the spring-summer period, but only sperm membrane integrity examination showed significantly lower (P≤0.01) percentage of moribund spermatozoa and the semen had a significantly (P≤0.05) lower (by 0.5%) percentage of sperm with damaged chromatin. Examination performed after 7-day storage showed significantly (P≤0.01) higher percentage of live spermatozoa and with high mitochondrial membrane potential for the autumn-winter period. The level of apoptotic cells was significantly (P≤0.01) lower for the autumn-winter period. Examination of sperm membrane integrity after 7 days of storage showed a lower (P≤0.05) percentage of moribund spermatozoa for the autumn-winter period. in our opinion, novel methods for sperm assessment may be used to monitor new parameters of sperm function.
are dependent on genetic factors such as breed (Knecht et al., 2014) , age of boar (Tsakmakidis et al., 2012) and broader environmental conditions (including feeding, animal welfare, air temperature and humidity) (Smital, 2010; Knox, 2016) .
It is widely accepted that high ambient temperature adversely affects semen quality in boars (Rodriguez et al., 2017; Peňa et al., 2018) . This view is based on several-year observations of physical characteristics of semen such as ejaculate volume, sperm concentration and the resulting number of spermatozoa per ejaculate (Reed, 1986; Smital, 2009; Adamiak et al., 2010; Knecht et al., 2014; Górski et al., 2017) . In the summer, when temperatures are at their highest, ejaculates are characterised by lower volume and lower sperm count in the ejaculate (Kondracki et al., 2004; Wysokińska et al., 2008; Smital, 2009; Adamiak et al., 2010) . Seasonal differences in semen motility and in morphological status of spermatozoa were also observed (Kennedy and Wilkins, 1984; Reed, 1986; Górski et al., 2017) . Highest sperm motility was found in late autumn (Wysokińska et al., 2008) or in spring and summer (Górski et al., 2017) , and a higher percentage of morphologically normal spermatozoa between November and April (Banaszewska et al., 2007) . Taking the total number of live spermatozoa per ejaculate as the outcome of volume, concentration and motility, spring and autumn (Szostak, 2003) or autumn and winter (Smital et al., 2004; Knecht et al., 2014) were considered the most favourable periods for semen production by the boars. Based on analysis of data from insemination stations, Sonderman and Luebbe (2008) concluded that between June and October, considerably more ejaculates are discarded due to poor quality.
The standard semen evaluation determines ejaculate volume and sperm motility and concentration, and also includes periodic morphological evaluation (Banaszewska et al., 2007; Kennedy and Wilkins, 1984; Szostak, 2003) . Occasionally it is extended to include biochemical tests or assessment of the sperm membrane for damage or osmotic capacity. New possibilities for cell assessment have emerged in recent years, including the application of flow cytometry (Gillan et al., 2005) and measurement of bioluminescence (Gogol et al., 2007; Gogol et al., 2009) .
The objective of the present study was to determine the expected seasonal changes in boar semen quality by the above-mentioned cell parameters and methods.
material and methods
Semen from 16 boars (5 Polish Large White, 4 Polish Landrace, 1 English Large White, 1 Austrian Landrace, 5 Pietrain × Duroc hybrid boars) was investigated. The boars were raised under the same conditions at the Experimental Station of the National Research Institute of Animal Production in Żerniki Wielkie Ltd. Males were aged between 7 months and 7 years. Semen for analysis was collected at monthly intervals for 2.5 years. A total of 172 manually collected ejaculates were studied.
After collection and removal of the gel fraction, the semen was evaluated for ejaculate volume, sperm concentration (spectrometer) and motility, and then extended with BTS diluent (Minitüb, Germany) to give 2.5 × 10 9 motile sperm per semen dose (90 ml) and preparations for morphological assessment were made. The diluted semen was placed in tubes and stored at +17°C. During seven days of storage, the semen was subjected to standard evaluation for motility and morphology and evaluated using novel methods.
standard evaluation
It covered the assessment of motility and morphological evaluation.
Assessment of motility
To evaluate motility of the preserved semen, 1 ml samples were collected from the stored insemination doses and placed in a water bath at 37°C. After 30 min incubation, the semen was assessed by two experienced observers under a Nikon optical phase-contrast microscope (magnification 100 ×) with a heating table. Motility assessment was performed until sperm motility dropped below 30%. This served as a basis for determining sperm survival time, or the number of days during which at least 30% motile spermatozoa were observed.
Morphological assessment
Preparations for morphological assessment were made from fresh semen immediately after dilution, fixed, stained with Giemsa (Sigma-Aldrich) and evaluated for at least 200 spermatozoa at 1000 × magnification. The assessment was based on Blom's classification (Blom, 1981) , which provided a basis for classifying the spermatozoa into three groups: normal (without morphological defects), with primary defects and with secondary defects.
examination with novel methods
It covered the assessment of sperm membrane integrity, sperm chromatin structure, oxidative stress and apoptotic changes.
Assessment of sperm membrane integrity
Sperm membrane integrity was examined with a flow cytometer (CytoFLEX, Beckman Coulter) using double staining with the fluorochromes SYBR-14 and propidium iodide (PI). The examination was performed twice: after 1 and 7 d of storage. Prior to staining, the semen was diluted to 20 × 10 6 sperm/ml with PBS. Next, 10 µl of SYBR-14 stock solution was added to 1 ml of semen and incubated at +35ºC for 10 min, after which 10 µl of PI stock solution was added (Live/Dead Sperm Viability Kit, Molecular Probes). Analysis was started after the next 10 min of incubation at room temperature. Double staining allowed the spermatozoa to be divided into three groups: sperm with intact cell membrane ("live"), metabolically active sperm with damaged cell membrane ("moribund"), and metabolically inactive sperm with damaged cell membrane ("dead").
Assessment of chromatin structure
Sperm chromatin structure was assessed using the Sperm Chromatin Structure Assay (Evenson et al., 2002) . The analysis was performed after 7 days of semen stor-age at +17ºC. Prior to analysis, the semen was diluted to 1 × 10 6 sperm/ml with PBS. Thereafter, 1.0 M of HCl solution was used to decrease the sample's pH to around 1.3 (for partial denaturation of the chromatin) for 30 sec. Then acridine orange (AO) was added, and after 3 min incubation at +4ºC, green fluorescence (normal DNA) and red fluorescence (fragmented DNA) were measured by flow cytometry. DNA Fragmentation Index (DFI -percentage of spermatozoa with fragmented DNA) was determined for each ejaculate.
Assessment of oxidative stress
Sperm damage due to high oxidative stress was assessed based on induced luminescence of spermatozoa, which was measured after 1 and 7 days of semen storage. Luminescence was measured using an AutoLumat LB953 luminometer (Berthold) as described by Gogol and Szczęśniak-Fabiańczyk (2006) . The light emission kinetics was measured during 600 sec at +20ºC. The following luminescence parameters were calculated: Integral -total integral of the measurement signals, and Peak maxmaximal height of the peak.
Assessment of apoptotic changes
Apoptotic changes were assessed after 1 and 7 d of semen storage at +17°C. Two evaluation methods were used:
-the level of transmembrane mitochondrial potential (ΔY) of spermatozoa was measured with the dye JC-1 (5,5',6,6'-tetrachloro-1,1',3,3'tetraethylbenzimidazolyl carbocyanine iodide/chloride) (Molecular Probes Inc., Eugene, USA). Samples containing 1 × 10 6 spermatozoa were washed with 2 ml PBS without Ca and Mg ions, and centrifuged at 300g for 10 min. After collection of the supernatant, the spermatozoa were placed in PBS solution (about 1 ml) containing 10 µl of fluorochrome JC-1. Incubation was conducted at 37°C for 15 min (Trzcińska et al., 2008; Trzcińska and Bryła, 2015) , -changes in sperm membrane permeability were identified based on apoptosischaracteristic micropores in the external cytoplasmic membrane, using fluorochrome YO-PRO-1 (Vybrant Apoptosis Assay Kit#4, Molecular Probes, USA). Samples containing 1 × 10 6 spermatozoa were rinsed with 2 ml PBS, and centrifuged at 300g for 10 min. After collection of the supernatant, the spermatozoa were placed in PBS solution containing 2 µl of YO-PRO-1 and 1 µl of propidium iodide (PI). Incubation was performed in darkness at room temperature for 20 min.
Individual subpopulations of spermatozoa (200 spermatozoa per sample) were observed under a fluorescence microscope (Nikon Eclipse E600, Tokyo, Japan) using the following filters:
-a 520 ± 20 nm filter -green fluorescence of apoptotic cells stained with the fluorochrome YO-PRO-1; green fluorescence of sperm with low mitochondrial membrane potential (low ΔY); red-orange fluorescence of sperm with high mitochondrial membrane potential (high ΔY) stained with JC-1, -a > 620 nm filter -red fluorescence of necrotic cells stained with propidium iodide.
statistical analysis
The values in the tables were determined by calculating the mean (х) and standard error (SE). In the statistical calculations, variance analysis was performed with SAS software (General Linear Models Procedure). The data were analysed according to the following model:
The significance of differences was tested by Duncan's Multiple Range Test for variable. The calculations accounted for two seasons of the year: spring-summer, from early April to late September; and autumn-winter, from early October to late March. The significance of differences between the level of sperm parameters measured on d 1 and 7 of storage for autumn-winter and spring-summer periods was tested by T test.
results
The 172 ejaculates used in the present study had a mean volume of 238.3 (± 6.7) ml and concentration of 384.4 (± 9.0) × 10 6 spermatozoa/mm 3 , of which 55 ejaculates came from 5 Polish Large White boars (mean volume of 226.7 (± 9.6) ml and concentration of 376.1 (± 13.8) × 10 6 spermatozoa/mm 3 ), 45 ejaculates from 4 Polish Landrace boars (mean volume of 291.6 (± 17.9) ml and concentration of 350.2 (± 19.1) × 10 6 spermatozoa/mm 3 ), 7 ejaculates from 1 English Large White boar (mean volume of 172.9 (± 13.7) ml and concentration of 455.7 (± 33.8) × 10 6 spermatozoa/mm 3 ), 6 ejaculates from 1 Austrian Landrace boar (mean volume of 268.3 (± 19.2) ml and concentration of 274.5 (± 42.4) × 10 6 spermatozoa/mm 3 ), and 59 ejaculates from 5 Pietrain × Duroc hybrid boars (mean volume of 213.1 (± 7.5) ml and concentration of 414.9 (± 15.2) × 10 6 spermatozoa/mm 3 ).
In the spring-summer half-year, 94 ejaculates with a mean volume of 237.0 (± 9.1) ml and concentration of 380.7 (± 11.8) × 10 6 spermatozoa/mm 3 were collected compared to 78 ejaculates with a volume of 239.8 (± 10.0) ml and concentration of 388.8 (± 13.9) × 10 6 spermatozoa/mm 3 in the autumn-winter half-year. These differences were not significant.
The results of boar semen evaluation in both half-years, performed after oneday storage, and the results of the morphological assessment of the fresh semen are presented in Table 1 . In the autumn-winter period, the semen had higher evaluations than in the spring-summer period, namely higher motility (by 5.2% on average, non-significant) and higher percentage of morphologically normal spermatozoa (by 1.8% on average, non-significant).
Sperm membrane integrity examination showed a non-significant higher percentage of spermatozoa with intact cell membranes (by 4.6% on average) but a significantly lower (P≤0.01) percentage of moribund spermatozoa.
Apoptosis examination showed a higher level of live spermatozoa for YO-PRO-1/PI by 4.4% on average (non-significant) and a higher level of spermatozoa with intact mitochondrial function for JC-1 by 4.4% on average (non-significant).
The ejaculates collected in the autumn-winter period exhibited lower but nonsignificant level of oxidative stress.
In the evaluation of survival time made during storage, the semen collected between early October and late March was observed to retain over 30% motility for an average of 1.3 more days compared to the semen collected between early April and late September. However, the differences were not significant. The assessment of motility, cell membrane integrity, oxidative stress, apoptotic changes and chromatin structure performed after 7 d of semen storage at +17ºC is presented in Table 2 . Examination performed after 7-d storage showed significantly higher (by 10.0% on average, P≤0.01) percentage of sperm with intact mitochondrial function (JC-1 test) for the autumn-winter period. Identical results for live spermatozoa (by 10.0% on average, P≤0.01) were found for YO-PRO-1/PI test. The level of apoptotic cells was significantly lower (by 2.6%, P≤0.01) in this test for the autumn-winter period.
Examination of sperm membrane integrity after 7-d storage showed the lower percentage of moribund (membrane-damaged, but metabolically still active) spermatozoa (by 3.4% on average) for the autumn-winter period. This difference was statistically significant (P≤0.05).
The semen obtained during the autumn-winter period had a significantly (P≤0.05) lower (by 0.5%) percentage of sperm with damaged chromatin.
There were no statistically significant differences in the level of oxidative stress between the autumn-winter and spring-summer periods.
The boar semen collected during the autumn-winter period was characterised by a slower drop in semen quality (smaller differences between the evaluation results obtained after 1 and 7 d of storage) compared to the semen collected during the spring-summer period (Figure 1 ). During 7-d storage of the semen collected between autumn and winter, there was a lower decline in the percentage of motile spermatozoa (by 1% on average) and those with intact cell membrane (by 1.6% on average), a significantly (P≤0.05) lower decrease in the percentage of spermatozoa with intact mitochondrial function (JC-1 test -by 5.6% on average) and without apoptotic changes (YO-PRO-1/PI test -by 5.6% on average) compared to the storage of semen collected between early April and late September. In turn, during the spring-summer period there was a more distinct increase in the percentage of necrotic spermatozoa detected by YO-PRO-1/PI test (by 4.5% on average) compared to the autumn-winter period. The evaluation of apoptotic changes based on the YO-PRO-1/PI test showed the percentage of apoptotic spermatozoa to decrease in the autumn-winter period (by 0.6% on average) during the 7-d storage, and to increase in the spring-summer period (by 1.5% on average). The difference was significant (P≤0.01). In spring-summer there was also a higher increase in the percentage of sperm with damaged membranes, both "dead" (by 0.9% on average) and "moribund" (by 0.3% on average), and also in the oxidative stress level (Integral -by an average of 1.6 × 10 5 photon counts; Peak max -by an average of 0.8 × 10 3 counts/s) compared to the autumn-winter period.
xx -P≤0.01. x -P≤0.05. The results obtained in our study for the standard evaluation of semen support the observations of other researchers. We obtained higher quality for boar semen collected in the autumn-winter period compared to the spring-summer period. Accordingly, as in the study by Wysokińska et al. (2008) , semen collected in the months between October and March had a higher percentage of motile spermatozoa and, similar to the study of Banaszewska et al. (2007) , it had a lower percentage of sperm with morphological changes compared to the semen collected between April and September.
These observations are also confirmed by analysis of the semen data recorded at A.I. centers (Adamiak et al., 2010; Smital et al., 2004) .
In the context of the data concerning the quality of semen evaluated with the standard method, it is interesting to note the parameters of spermatozoa evaluated using the novel methods for semen assessment: sperm membrane integrity, analysis of chromatin structure, oxidative stress and apoptotic changes in spermatozoa. Accordingly, in the semen collected in the autumn-winter months, there was a higher percentage of spermatozoa with intact cell membrane as well as a higher percentage of live sperm without apoptotic changes, compared to the semen harvested in the spring-summer months. During the autumn-winter period, the authors also observed a lower level of oxidative stress than in the spring-summer period. However, the differences were not significant. The season of the year had a statistically significant effect on chromatin structure stability and cell membrane integrity. During the springsummer period, DFI was 0.5% higher (P≤0.05) and there was a 3.1% (P≤0.01) higher percentage of spermatozoa that had damaged cell membrane, but were metabolically still active ("moribund").
In our study, we also observed the effect of the season on most of the boar semen quality parameters evaluated during its storage at +17°C. In the examination of motility and membrane integrity, both the decrease of percentage during storage was small and the differences between the autumn-winter and spring-summer periods were not significant. Considering apoptosis examination, the percentage of live (non-apoptotic) sperms and with intact mitochondrial function decreased considerably during storage, especially in the ejaculates collected in spring-summer and in the assessment made after 7 d of storage, season had a significant effect on development of apoptotic changes in the spermatozoa. These results confirm the earlier research of Trzcińska et al. (2008) , in which the percentage of live sperm significantly decreased, and the percentage of both apoptotic and necrotic spermatozoa increased with extended storage time. It should also be highlighted that for the autumn-winter collected semen, the survival of spermatozoa was over 1 d longer compared to the spring-summer months.
In the majority of published studies, the percentage of spermatozoa with intact cell membrane, regardless of the method used, remained high (>90%) during the first 4 d of storage (De Ambrogi et al., 2006) , over 70% until d 6, and decreased to 55% only after 12 d of storage (Dubé et al., 2004) . Boe-Hansen et al. (2008) reported that the percentage of sperm with intact membrane, in semen stored for 3 d, decreased by only 1.1%. In our study, during 7 d of storage, the percentage of sperm with intact cell membrane decreased by 3% to almost 5%. In the study by Cerolini et al. (2000) , the percentage of spermatozoa with intact membrane decreased significantly from d 2 of storage, and was almost 20% lower after 4 d, and in the study by Kumaresan et al. (2009) it decreased by almost 46% during 4 d.
We performed the analysis of chromatin structure only after 7 d of storage, because in earlier studies (Szczęśniak-Fabiańczyk et al., 2003  Bochenek, unpublished data) we did not observe DFI to increase in boar spermatozoa stored in a commercial extender for as long as two weeks. Moreover, studies on changes in DNA fragmentation during 21-d storage of boar semen (Pérez-Llano et al., 2006) , a comparison of different extenders (De Ambrogi et al., 2006) , and the relationship of boar fertility with semen storage time and sperm chromatin damage (Waberski et al., 2011) revealed no significant increases in the percentage of spermatozoa with damaged chromatin during storage time of semen. An increase of DFI in the semen stored for 3 d was only reported by Boe-Hansen et al. (2008) .
In regular practice pigs are inseminated mainly with semen stored at above-zero temperatures due to the relatively low efficiency of insemination with frozen semen. Therefore, studies concerning boar semen storage concentrate on the development of liquid and cryopreservation. Rapid and reliable laboratory tests are needed to evaluate the effectiveness of the work done. We believe that the new criteria that we have used, in addition to the standard evaluation to assess sperm parameters such as sperm membrane integrity, chromatin structure, damage due to oxidative stress, mitochondrial functionality and apoptotic changes, address these expectations because they can provide important information concerning the analysed spermatozoa. In our study, novel methods were used to observe semen quality changes determined by the season, and also to assess the quality of stored semen.
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